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Abstract 
A method for estimating the probability of the occurrence of multiple site damage (MSD) is presented. MSD is considered to 
occur when more than two cracks initiate in a structural component which contains multiple similar structural details. Crack 
initiation life of a single detail is assumed to follow the logarithmic normal distribution. The probability of multiple details
initiating MSD is calculated based on the P-S-N curve of a single structural detail. The method is applied to an estimation 
example of three details to demonstrate the procedure. The estimation is validated by experiments. To obtain the basic fatigue 
properties of the material, tests with the single detail specimens are also conducted and reported. The effects of the number of
details and stress levels are discussed, which indicates that for a specified fatigue life, the probability of MSD occurrence
increases with the increase of the number of the details and the increase of the stress levels; for a given reliability, fatigue life 
corresponding to the occurrence of MSD decreases with the increase of the number of the details and the increase of stress levels.  
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1. Introduction 
The Multiple Site Damage (MSD) phenomenon has been widely studied since the famous Aloha accident on 28 
April 1988. The accident was caused by multiple crack damage in the fuselage upper skin structure [1]. Although 
there have been no MSD attributed accidents in the last twenty years, there is, however, a serious concern that MSD 
could occur again in the commercial aircraft fleet and it could potentially affect any ageing aeroplane in service. The 
Federal Aviation Administration (FAA) issued drafts of Advisory Circular (AC) [2, 3] which attempted to define the 
procedures to assess the baseline structures on the so-called Widespread Fatigue Damage (WFD). WFD includes 
Multiple Site Damage (MSD) and Multiple Element Damage (MED), in which MSD refers to the simultaneous 
presence of fatigue cracks in the same structural element, such as a large skin-panel; MED is the simultaneous 
presence of fatigue cracks in similar adjacent structural elements, such as frames and stringers. The proposed 
airworthiness regulation amendments have attracted broad attention in both the aircraft industry and academia.  
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Nomenclature 
C, m material constants for single detail 
Cnk the number of combination defined as Cnk = n!/[k!(n-k)!] 
f (W) probability density function of fatigue life 
fi(W, Si) probability density function of the ith detail fatigue life at stress level Si
N fatigue life, crack initiation life (CIL), loading cycles 
NMSD fatigue life/loading cycles corresponding to the occurrence of MSD 
P, p(N) failure probability, probability of crack initiates at loading cycles N
pi(N) probability of crack initiates from the ith detail at loading cycles N
Pm(N) probability of m cracks initiates at loading cycles N
PMSD(N) probability of the occurrence of MSD at loading cycles N
R degree of reliability, R = 1 - P
S stress level expressed by the maximum stress 
P,V normal distribution parameters, mean value and standard deviation 
PMSD mean value of NMSD
VMSD standard deviation of NMSD
This paper puts emphasis on the occurrence of MSD, which usually occurs in areas where there are multiple 
stress concentration sites, such as the lap joint of skin panel having multiple fastener holes in the same structural 
element. The existence of MSD may remarkably reduce the residual strength of an aerospace structural component 
than those having a single lead crack. Cracks caused by MSD are extremely difficult to detect and greatly reduce the 
residual strength, fatigue life and overall structural integrity of aircraft panels. Investigations of MSD carried out by 
the aircraft industry have focused on the experimental testing of ageing aircraft full-scale structures [4] and typical 
components [5] to characterize the fatigue life corresponding to the appearance of MSD. They also propose 
technical recommendations [6] on evaluating MSD according to the amendments of the airworthiness regulations. 
The study of MSD in the academia started much earlier than the Aloha accident and has never stopped [7-9]. The 
two important aspects of the study are the damage tolerance characteristics of a structure with MSD and the 
assessment of the appearance of MSD in a pristine structure. Currently, most of the studies focus on the first aspects, 
which include the development of failure criterion [8], residual strength assessment [10] and modelling the multi-
crack propagation with interactive effects [11]. Statistical methodologies are also introduced to the evaluation of 
structures with MSD [12]. For the appearance of MSD, Jeong and Tong [13] proposed the concept of MSD 
threshold; Wang [14] presented an analysis method for the onset of MSD at mechanical joints. The difficulties in 
estimating the occurrence of MSD are mainly two points: (1) characterization of the randomness of the crack 
appearance; (2) assessment of the factors that influence the occurrence of MSD quantitatively. 
The objective of this study is to present a probabilistic analysis method for the occurrence of MSD in commercial 
aircraft structures based on the statistical theory and fatigue characteristics of each structural detail. The method is 
described firstly, then applied to an estimation example to demonstrate the procedure. The estimation is validated by 
experiments. To obtain the basic fatigue properties of the material, tests with single detail specimens are also 
conducted and reported. The effects of the number of structural details and applied stress levels are discussed. 
1116 J. Zhang et al. / Procedia Engineering 2 (2010) 1115–1124
J. Zhang et al. / Procedia Engineering 00 (2010) 000–000 3
C
)d
2. Methodology 
2.1. Concept 
As aforementioned, MSD usually occurs in areas where there are multiple stress concentration sites. All these 
positions, e.g. fastener holes in the skin panel, show similar configuration, endure similar loading history and should 
all be concerned in fatigue strength evaluation. Each of them is regarded as a structural detail. The fatigue 
performance of the structural component containing multiple similar details depends significantly on the fatigue 
characteristic of each detail as well as the number of the details. 
For a single structural detail, fatigue analysis method is well established for both the deterministic and statistical 
approaches [15, 16]. It is known that the total fatigue life is composed of the crack initiation life (CIL) and crack 
growth life (CGL). In most cases, the CGL is much shorter than the CIL which consisted nearly 90% of the total 
fatigue life. Therefore, the CIL and the total fatigue life can be considered to follow the same distribution. In this 
study, only the CIL is taken into account, i.e. the fatigue life refers to the CIL in the following parts. It is reasonable 
to assume that the CIL follows the Weibull distribution or logarithmic normal distribution [16]. For a single 
structural detail, the CIL is related significantly to the applied stress level. The P-S-N curve represents the CIL with 
degree of reliability corresponding to different applied stress levels. Basing on the P-S-N curve of a single structural 
detail, the probability of multiple details initiating several cracks at the same time can be calculated. 
2.2. Crack initiation probability for single structural detail  
For a single detail, power equation, Eq. (1), can be applied to describe the relationship between fatigue life and 
stress level, i.e. the S-N curve. 
NS m   (1) 
In Eq. (1), N is commonly the mean value of the fatigue lives, defined as the loading cycles under constant 
amplitude loading condition, obtained by several specimens tested under the same stress level S. While, in the 
probabilistic fatigue analysis, N is defined as the fatigue life with certain degree of reliability R, R = 1-P, P is the 
failure probability. Consider that N follows the log-normal distribution, X = lg N follows the normal distribution 
N(P,V). Normally, if the stress level is increased, then the CIL will become shorter and the normal distribution 
parameter V, which indicates the scatter of CIL, will be smaller; on the other hand, if stress level is decreased, the 
CIL becomes longer and V becomes larger. Therefore, the P-S-N curve represents the statistical fatigue performance 
of the detail. 
Under a specified stress level S, the probability density function of the CIL of a single detail is f (W), then, the 
probability of crack initiates from the structural detail at loading cycles N is: 
0
( ) (
N
p N f W W
i d
 ³ (2) 
It has been pointed out that the scatter of fatigue life normally depends on the stress level, therefore, f (W) is 
different for separate structural details enduring different stress levels. For the ith  structural detail, the stress level is 
Si, the probability density function is fi (W, Si), the probability of crack initiates from the ith  structural detail at 
loading cycles N is: 
0
( ) ( , )
N
i ip N f SW W ³ (3) 
J. Zhang et al. / Procedia Engineering 2 (2010) 1115–1124 1117
4 J. Zhang et al. / Procedia Engineering 00 (2010) 000–000 
)

º
»
2.3. Crack initiation probability for multiple structural details 
Considering a component containing n independent structural details, the probability of no crack initiation at 
loading cycles N is: 
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The probability for only one crack appeared in the component at loading cycles N is: 
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The probability for the presence of two cracks in the component at loading cycles N is: 
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Similarly, the probability for the presence of m cracks in the component at loading cycles N is: 
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The probability for that all the details in the component have crack initiated at loading cycles N is: 
1
( ) (
n
n
i
P N p
 
  (8) 
The occurrence of MSD can be defined reasonably as the appearance of two cracks, then the probability for the 
occurrence of MSD in the component at loading cycles N is: 
2
( ) (
n
MSD i
i
P N P
 
 ¦ (9) 
It is known that the summation of the probabilities corresponding to all possible cases equals 1, i.e.: 
0
( )
n
i
i
P N
 
¦ (10) 
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Eq. (9) can be rewritten as: 
0( ) 1 ( ) (MSDP N P N P   (11) 
For the simple, but normally acceptable, case that all the structural details in the component show same fatigue 
characteristics and take the same stress level, then: 
1 2
0
( ) ( ) ( ) ( ) ( , )
N
np N p N p N p N f S dW W     ³  (12) 
Eq. (9) and Eq. (11) are simplified as: 
2
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3. Experiments of fatigue performance of a single structural detail 
The knowledge of the fatigue performance for a single detail is the basis of the analysis for a multiple detail 
component. So, the following experiments are conducted to obtain the fatigue parameter for a single detail. The 
structural detail is a typical fastener hole. The material tested is 7B04-T74 plate of 2.0 mm in thickness, which is an 
Al-Zn-Mg-Cu aluminum alloy (AA) developed in China and equivalent to the 7075 in the USA and B95 in the 
Russia designations. Mechanical properties of AA 7B04 are: E = 68 GPa, yield strength 418 MPa, ultimate strength 
489 MPa, failure elongation 14.4%. The configuration of the specimen is given in Fig. 1, which contains two 
independent details arranged in series in order to save the testing time [17].  
240
80 80
6
VV
Fig. 1. Configuration of the specimen for testing the fatigue properties of a single detail
The fatigue tests were conducted with INSTRON-8803 servo-hydraulic test machine. Constant amplitude loading 
of stress ratio 0.1 is selected. The loading frequency is 15Hz. The tests were carried out under four different stress 
levels to obtain the corresponding CILs. The test results of fatigue life in terms of distribution parameters, i.e. mean 
value and standard deviation, are given in Table 1. The mean value P and standard deviation V are fitted by linear 
functions of lgS, which are given in Eq. (15). The P-S-N curves are obtained by the distribution parameters in Eq. 
(15) and shown in Fig. 2. 
13.740 4.367 lg
2.722 1.307 lg S
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V
 
 
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Table 1. Test results of the fatigue properties for the single structural detail 
Index No. 1 2 3 4
Stress level / Maximum stress (MPa) 80.0 87.5 95.0 102.5 
Mean value of logarithm CIL (P) 5.427 5.287 5.056 4.983 
Standard deviation of logarithm CIL (V) 0.2291 0.2030 0.1227 0.0995 
Number of specimens 12 10 10 20
1.86
1.88
1.90
1.92
1.94
1.96
1.98
2.00
2.02
2.04
4.5 5.0 5.5 6.0
lgN
lg
S
 R=1-P=0.05
 R=1-P=0.99
 R=1-P=0.50
 average of the test data
Fig. 2. P-S-N curve of the single structural detail 
4. Estimation and validation 
4.1. Estimation 
A component containing three details is selected as an example to demonstrate of estimation using the proposed 
method. Fatigue properties of the single detail are given in section 3. Since the fatigue life of single detail is 
assumed to follow log-normal distribution, the probability density function of logarithm fatigue life X = lgN is: 
2
1 1
( , ) exp
22
f S W PW
VV S
§ § ¨ ¨¨ ¸© ¹© ¹
·· ¸¸
n section 5. 
(16) 
For the case of the stress level S = 87.5 MPa, P = 5.259, V = 0.184 (fitted value by Eq. (15)). Substitute Eq. (3) 
and Eq. (16) and the number of details n = 3 into Eq. (14), PMSD is obtained. The results of the estimation for PMSD
is given in Fig. 4(a) in section 4.2 compared with the validation test results. The probability density function of the 
occurrence of MSD can also be calculated by the differential of PMSD, Eq. (17). The results are given in Fig. 4(b) in 
section 4.2 and compared with the probability density function for the single detail at the specified stress level S = 
87.5 MPa. The mean value and deviation of the NMSD, PMSD and VMSD, can be estimated by Eq. (18). The 
relationship between PMSD, VMSD and the number of the details n and stress level S are discussed i
d
( )
d
MSD
MSD
Pf N ( )N
N
 (17) 
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4.2. Experimental validation 
The specimens for validating the estimation are made from 7B04-T74 plate, which is the same material used for 
the specimen in section 3. The configuration of the specimen is given in Fig. 3, which contains three parallel details, 
i.e. the three fastener holes, with the same geometry and similar stress distribution. The tests were conducted using 
the same fatigue test machine as that in section 3. The maximum applied nominal stress is 87.5 MPa; the stress ratio 
is 0.1; the loading frequency is 8 Hz; the number of the specimens is 9. The recorded fatigue life (loading cycles) of 
the initiation of the 1st and 2nd cracks are given in Table 2. The appearance of the 2nd crack is considered to be the 
occurrence of MSD, that is, NMSD is the loading cycles when the 2nd crack appears. For the calculation of PMSD
based on the test data, the tested fatigue lives corresponding to the 2nd cracks (the 3rd row in Table 2) are sorted 
ascendingly, PMSD =i/m, where, i and m are the index number of the data and the number of data (here, m = 9), 
respectively. The comparison of the estimation and test results are given in Fig. 5(a), which show good agreement. 
300
V V

Fig. 3. Configuration of the three details specimen
Table 2. Test results of the three details specimens (Unit for fatigue life: kCycle) 
Index No. 1 2 3 4 5 6 7 8 9 
N for the 1st crack   90 100 260 250 160 230 171 223 119
N for the 2nd crack (MSD)   120 116 287 294 207 285 190 266 143
PMSD 0.11 0.22 0.33 0.44 0.56 0.67 0.78 0.89 1
(a)
4.5 5.0 5.5 6.0
0.0
0.2
0.4
0.6
0.8
1.0
P
M
S
D
lg(N)
 test data
 estimation
  (b)
4.5 5.0 5.5 6.0 6.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
f 
(x
)
x = lgN
 probability density for MSD 
         (n=3,S=87.5)
  probability density for single detail
         (n=1,S=87.5)
Fig. 4. (a) Comparison of the estimation and test results of PMSD  (b) Probability density function of MDS and single structural detail 
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5. Discussion 
5.1. Influence of the number of the details 
PMSD corresponding to different number of details are calculated using the same approach described in section 
4.1. The stress level is fixed at 87.5 MPa. The results are presented in Fig. 6. Considering a given loading cycles N =
105, the change of PMSD with the increasing of n is given in Fig. 5 (a). For a specified reliability R = 95%, the trend 
of NMSD with the increasing of n is given in Fig. 5 (b). It can be seen from Fig. 5 that the trend for PMSD and VMSD
are similar: (1) both PMSD and VMSD decrease with the increase of n; (2) The curves for both PMSD vs. n and VMSD vs. 
n have asymptotes which parallel to the x-axis, that is, when n is big enough, PMSD and VMSD tend toward their limits 
which depend on the stress level. Fig. 6 indicates that for a specified fatigue life, PMSD increases with the increase of 
n; for a given reliability, NMSD decreases with the increase of n.
(a)
0 10 20 30 40 50 60 70 80 90 100 110
4.6
4.8
5.0
5.2
5.4
5.6
P M
S
D
number of details  n
   (b)
0 10 20 30 40 50 60 70 80 90 100 110
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
V M
S
D
number of details   n
Fig. 5. (a) Trend of PMSD with the increase of number of details n  (b) Trend of VMSD with the increase of number of details n
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   (b)
0 20 40 60 80 100
4.6
4.8
5.0
5.2
5.4
5.6
lg
 (
N
M
S
D
)
number of details  n
 R=0.95
Fig. 6. (a) Trend of PMSD with the increase of n corresponding to N MSD= 105 (b) Trend of NMSD with the increase of n corresponding to R = 0.95 
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5.2. Influence of the stress level 
Since the influence of the number of details n becomes less by less when n is greater than 20, n is fixed to be 20 
when discussing the influence of the stress level S. Five applied stress levels of 75, 80, 85, 93, 105 MPa are selected 
for the estimation of PMSD and VMSD. The trends of PMSD and VMSD with the increase of S are given in Fig. 7 and 
compared with the trends for the single detail. Considering a given loading cycles NMSD = 105 and given number of 
details n = 20, the change of PMSD with the increasing of stress level S is given in Fig. 8 (a). For a specified 
reliability R = 95%, the trend of NMSD with the increasing of S is given in Fig. 8 (b). It can be seen from Fig. 7 that: 
(1) the PMSD and VMSD decrease with the increasing of stress level; (2) the trends of the decreasing of PMSD and 
VMSD are linear function of lgS; (3) the difference between PMSD and P of single detail becomes smaller when the 
stress level increased, it is the same for the differences between VMSD and V of single detail. Fig. 8 shows that for a 
specified NMSD, PMSD increases with the increase of S; for a given reliability, NMSD decreases with the increase of S.
(a)
50 60 70 80 90 100 110 120 130 140 150
4.4
4.6
4.8
5.0
5.2
5.4
5.6
5.8 Pof fatigue life for single detail
Pof fatigue life for MSD
P
stress level  S
  (b)
50 60 70 80 90 100 110 120 130 140 150
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
V
stress level  S
Vof fatigue life for single detail
Vof fatigue life for MSD
Fig. 7. (a) Trend of PMSD with the increase of stress level  (b) Trend of VMSD with the increase stress level 
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   (b)
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4.6
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 R=0.95
Fig. 8. (a) Trend of PMSD with the increase of S at NMSD = 105 (b) Trend of NMSD with the increase of S at R = 0.95 
6. Conclusion 
A method is presented to estimate the probability of the occurrence of MSD in aircraft structural components 
containing multiple similar details. The method is based on the statistical fatigue properties, i.e. P-S-N curve, of a 
single structural detail. An example of a component containing three details is given to demonstrate the analysis 
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procedure, which is then validated by experiments. The influences of the number of details and stress levels are 
discussed. Following conclusions can be drawn: 
x The initial fatigue property of the single detail, which is characterized by the P-S-N curve, is the key factor that 
influences the occurrence of MSD. The probability of the occurrence of MSD can be estimated based on the P-S-
N curve of a single detail. 
x The number of details n in a component has significant effects on PMSD. Both PMSD and VMSD decrease with the 
increase of n. For a specified NMSD, PMSD increases with the increase of n; for a given reliability, NMSD decreases 
with the increase of n.
x PMSD depends also remarkably on the applied stress level in the case that n is fixed. Both PMSD and VMSD
decrease simultaneously when the stress level is enhanced. For a specified NMSD, PMSD increases with the 
increase of stress level; for a given reliability, NMSD decreases with the increase of stre
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